Abstract
Introduction
Esophageal cancer is a malignant tumor with a poor prognosis. It is considered that esophagectomy is the main strategy for esophageal cancer; however, the survival benefit with surgery alone is unsatisfactory, and the survival rates have been reported to be about 20%-30% at 2 years [1] and 10%-20% at 5 years [2] . In Western countries, neoadjuvant chemoradiotherapy is a standard treatment for resectable esophageal cancer [3] [4] [5] . In Japan, a randomized phase III trial (JCOG9204) showed that disease-free survival with adjuvant chemotherapy (AC) involving cisplatin/5-fluorouracil (5-FU) therapy (CF) was superior to that with surgery alone. In addition, a subsequent randomized phase III trial (JCOG9907) mentioned that the prognostic benefit of neoadjuvant chemotherapy (NAC) involving CF (NAC-CF) was superior to that of AC involving CF [6] . Accordingly, NAC-CF has become the standard preoperative treatment for locally advanced esophageal cancer in Japan. However, the survival benefit of NAC-CF is unsatisfactory. Recently, docetaxel/cisplatin/5-FU therapy (DCF) was presented as a novel strong regimen for esophageal cancer, and several studies have reported the safety of NAC involving DCF (NAC-DCF) [7, 8] . Studies have reported that the pathological complete response (pCR) rates of NAC-DCF and NAC-CF in locally advanced esophageal cancer were 12%-18% and 4%-6%, respectively [7] [8] [9] . Accordingly, NAC-DCF is a powerful regimen and is expected to achieve pCR in locally advanced esophageal cancer. Moreover, it was indicated that the prognoses of pCR cases with NAC-DCF for esophageal cancer were satisfactory [10, 11] . The prediction of pCR will have a great impact on the therapeutic strategy, such as avoidance of surgical treatment. However, biomarkers for clinical application in the prediction of pCR with NAC-DCF for esophageal cancer have not been identified.
Responsiveness to chemotherapeutic agents has been reported to be partly associated with genetic variations in pharmacokinetic and pharmacodynamic action [12] . The molecular background of regulating therapeutic effectiveness in esophageal cancer remains largely unclear. Some molecular markers have been reported for the tailored treatment of esophageal cancer, such as cisplatin-related markers (interferon-induced transmembrane protein 1 [16] [17] [18] , and docetaxel-related markers (BRCA1 and identified beta 1 integrin [ITGB1]) [14, 19] . It has been reported that the serum p53 antibody might be a predictor of pathological tumor response to NAC-DCF in esophageal cancer [20] . However, these single molecular markers are still not used for clinical application. An intricate mechanism of drug sensitivity is the most difficult obstacle for the prediction of therapeutic efficacy [13] . Multiple factors are involved in drug response mechanisms. Additionally, key determinants of the response significantly vary among individuals, and the factors intricately interact. The multifactorial mechanisms limit the prediction of an individual drug response with any single marker [21] [22] [23] . We considered that the use of many molecules was more appropriate to predict pCR than the use of a single molecular biomarker. In fact, we have reported an 80-gene set to predict the response to NAC-radiotherapy (RT) in rectal cancer [24] . We considered exploring a gene set to predict pCR after NAC-DCF for esophageal cancer in this study.
The aim of this study was to identify the predictors of pCR after NAC-DCF for locally advanced esophageal cancer. We investigated gene expressions in clinical esophageal cancer samples and performed comparisons between pCR cases and non-pCR cases using DNA microarray data and KeyMolnet.
Materials and methods

Patients and human tissue samples
This cohort study included esophageal cancer patients treated with NAC-DCF followed by surgery at Oita University Hospital between June 2013 and March 2016. Thirty-two patients met the following inclusion criteria: (i) histological diagnosis of primary esophageal squamous cell carcinoma; (ii) stage IB/II/III according to UICC 7th edition; (iii) age 80 years; (iv) performance status of 0-1; and (v) no previous chemotherapy, thoracic RT, or thoracic surgery.
Esophageal cancer tissue samples were collected at biopsy during endoscopic examination before the administration of the first course of chemotherapy. The biopsy specimen was collected from an elevated part at the proximal side of the tumor in a unified manner. The specimens were frozen and preserved in a freezer maintained at −80˚C. This study was approved by the Ethics Committee of Oita University Faculty of Medicine, and all patients included in this study provided written informed consent.
Therapy
The NAC-DCF regimen consisted of a 1-h i. ) on days 1-5. This regimen was administered every 3 weeks, and 3 scheduled courses were administered before esophagectomy. Surgery was scheduled to be carried out within 4-6 weeks after the last day of preoperative chemotherapy, when curative resection was considered possible.
Response evaluation
The pathological response was evaluated according to the Japanese Classification of Esophageal Cancer 11th edition as follows: grade 0, no recognizable cytological or histological therapeutic effect; grade 1a, viable cancer cells account for two-thirds or more of the tumor tissue; grade 1b, viable cancer cells account for between one-third and two-thirds of the tumor tissue; grade 2, viable cancer cells account for less than one-third of the tumor tissue; grade 3, no viable cancer cells are apparent (pCR) [25, 26] . Patients were divided into 2 groups (pCR and non-pCR) according to the pathological response.
Preparation of RNA and DNA
Frozen specimens were homogenized, and total RNA was extracted using QIAamp TM DNA 
Molecular expression analysis using KeyMolnet
The molecular networks and pathways were analyzed using the KeyMolnet Viewer program version 6.1 (KM Data; www.km-data.jp). KeyMolnet, another commercial knowledge base, has manually curated content on 164,000 relationships among human genes and proteins, small molecules, diseases, pathways, and drugs. It includes core content collected from selected review articles with the highest reliability [27] .
KeyMolnet automatically provides corresponding molecules as a node on the networks, by importing the list of Entrez Gene ID and signal intensity data [28, 29] . In this study, gene data, for which expressions were significantly different between the pCR group and non-pCR group, were imported into KeyMolnet. Subsequently, the molecular expressions were calculated and the molecules, which were included in the canonical networks of cancer chemotherapy, were isolated as candidate molecules.
Molecular pathway analysis using KeyMolnet
To identify the relations of the candidate molecules and canonical pathways, pathway analyses were performed. An algorithm that counts the number of overlapping molecular relations between the extracted network and the canonical pathway allows the identification of the canonical pathway showing the most significant contribution to the extracted network. The significance in the similarity between both was scored using the following formula:
where O = the number of overlapping molecular relations between the extracted network and the canonical pathway, V = the number of molecular relations located in the extracted network, C = the number of molecular relations located in the canonical pathway, T = the number of total molecular relations (approximately 90,000 sets), and X = the sigma variable that defines incidental agreements [29, 30] . This calculation formula contained the hypergeometric distribution, and the score of more than 20 was considered statistically significant.
Validation study
To validate the feasibility of the expression of candidate genes, a validation study was conducted in another cohort. This was a cohort study of locally advanced esophageal cancer patients treated with NAC-DCF followed by surgery at Oita University Hospital between April and October 2016. Seven cases were enrolled in this study. The cases were divided into the following 2 groups: pCR group and non-pCR group, and we investigated candidate molecular expression using DNA microarray data and KeyMolnet.
Statistical analysis
Quantitative clinical data are presented as medians and ranges. The difference between groups was assessed using the chi-square test, Fisher's exact test, or Mann-Whitney U test, as appropriate. These analyses were carried out using EZR (Saitama Medical Center, Jichi Medical University, Saitama, Japan version 1.33) [31] , which is a graphical user interface for R (version 3.3.1; The R Foundation for Statistical Computing, Vienna, Austria). More precisely, EZR is a modified version of R commander (version 2.3-0) designed to add statistical functions frequently used in biostatistics. A P-value < 0.05 was considered statistically significant.
Quantitative gene expression data are presented as means. The difference in gene expression between groups was assessed using Student's t-test and Excel 2016 (Microsoft). A Pvalue < 0.05 was considered statistically significant.
Results
Patient characteristics
This study enrolled 32 consecutive cases. Clinicopathological characteristics are shown in Table 1 . Of the 32 cases, 9 were included in the pCR group and 23 were included in the nonpCR group, according to the histopathological response grade (S1 Table) . There were no differences between the 2 groups in terms of age, sex, cT, cN, cStage, pN, residual tumor, NAC adverse events, procedure, and postoperative complications. However, significant differences were observed in pT (P < 0.01) and pStage (P < 0.01) between the 2 groups. With regard to NAC, 1 case received only 2 courses, because cancer progression was observed during preoperative treatment. With regard to NAC adverse events, 27 of the 32 cases showed grade 3 or 4 events, according to the CTCAE ver. 4.0 classification. Twenty-four cases showed myelosuppression (6 cases in the pCR group and 18 cases in the non-pCR group). Other events included oral mucositis, appetite loss, and eruption. No mortality cases associated with NAC-DCF and surgery were noted among all the study cases. With regard to postoperative complications, 2 cases in the pCR group and 1 case in the non-pCR group showed grade 3 or 4 events, according to the Clavien-Dindo classification system. Of the 2 cases in the pCR group, 1 had a necrotic bronchus and the other had a diaphragmatic hernia. The 1 case from the non-pCR group had anastomotic leakage.
Molecular expression to predict pCR after NAC-DCF for esophageal cancer
Significant differences in the gene expressions of 1,891 genes were observed between the pCR and non-pCR groups (S2 Table) . On importing data of the 1,891 gene expressions into KeyMolnet and evaluating the molecular expressions associated with the canonical networks of cancer chemotherapy, 17 molecules were isolated as candidate molecules. They included transcription factor E2F (E2F), T-cell-specific transcription factor (TCF), Src (known as "protooncogene tyrosine-protein kinase of sarcoma"), interferon regulatory factor 1 (IRF-1), thymidylate synthase (TSase), cyclin B, cyclin-dependent kinase (CDK) 4, CDK, caspase-1, vitamin D receptor (VDR), histone deacetylase (HDAC), MAPK/ERK kinase (MEK), bcl-2-associated X protein (Bax), runt-related transcription factor 1 (RUNX1), PR domain zinc finger protein 1 (BLIMP-1), platelet-derived growth factor receptor (PDGFR), and interleukin 1 (IL-1). The color mapping of these 17 molecules on KeyMolnet of canonical molecular networks associated with cancer chemotherapy are displayed in Fig 1. A red node indicated higher expression in the pCR group than in the non-pCR group, while a blue node indicated lower expression in the pCR group than in the non-pCR group. The expressions of the 17 molecules are summarized in Table 2 . The putative molecular functions were referred to UniProt (http://www. uniprot.org).
Molecular pathway associated with pCR after NAC-DCF for esophageal cancer
On analyzing the relationships between canonical pathways and extracted molecules using the score of hypergeometric distribution, 47 pathways scored more than 20 and were considered to be significantly associated with the extracted molecules (S3 Table) . The 3 pathways with the highest scores were transcriptional regulation by SMAD (score 96.054), retinoblastoma protein (RB)/E2F (score 77.067), and signal transducer and activator of transcription (STAT) (score 76.942).
Validation study of candidate molecules to predict pCR after NAC-DCF for esophageal cancer
Of the 7 validation cases, 1 case was classified in the pCR group and 6 cases were classified in the non-pCR group (S1 Table) . The clinicopathological characteristics of the validation cases are summarized in Table 3 . The comparison of molecular expressions between extracted cases and validation cases is presented in Fig 2 (S4 Table) . Of the 17 molecules, 12 (71%) matched the trends of molecular expression, including E2F, TCF, TSase, cyclin B, CDK4, CDK, caspase-1, MEK, Bax, RUNX1, BLIMP-1, and IL-1. 
Discussion
We observed a high pCR rate (28%) on treatment with NAC-DCF for locally advanced esophageal cancer. We explored the predictors of pCR using biopsy specimens of locally advanced esophageal cancer patients treated with NAC-DCF. In the present study, 17 molecules were identified as predictors of pCR after NAC-DCF for locally advanced esophageal cancer, using DNA microarray and KeyMolnet. The validation study indicated that 12 of 17 molecules (71%) matched the trends of molecular expression. These 17 molecules are expected to be a predictor set of pCR after NAC-DCF for locally advanced esophageal cancer. So far, several predictors of chemosensitivity in esophageal cancer have been reported; however, no biomarkers have been developed for clinical application in esophageal cancer. Our identified molecules involved several biomarkers of chemosensitivity or therapeutic target in esophageal cancer. TSase is commonly known as a target molecule of 5-FU in malignant tumors, and it was reported that the expression of TSase was correlated with 5-FU sensitivity in esophageal cancer [32] . Accordingly, our data was considered credible, because well-known molecules, such as TSase, were included in our set of candidate molecules. Additionally, it was reported that the expression of E2F1 was associated with prognosis in esophageal cancer, and it might be a candidate target molecule for chemosensitivity of esophageal cancer [33] . It was reported that the expression of IRF-1 inhibited the growth of esophageal cancer cells and that IRF-1 had a potential effect as a tumor suppressor in esophageal cancer [34] . However, we could not identify reports investigating chemosensitivity with regard to TCF, Src, caspase-1, VDR, BLIMP-1, PDGFR, and IL-1 in esophageal cancer. Accordingly, we consider that our identified 17 molecules are possible novel biomarkers of chemosensitivity in esophageal cancer. A previous study showed that multiple factors are involved in drug response mechanisms [13] ; therefore, we hypothesized that our identified 17 molecules might intricately interact. Therefore, we analyzed the relationships between canonical pathways and extracted molecules using KeyMolnet and determined the relationship score based on hypergeometric distribution.
According to the pathway analysis results, 17 molecules were considered to be associated with 47 pathways, and the following 3 pathways had the highest scores: SMAD, RB/E2F, and STAT. SMAD is a TCF in the transforming growth factor-β (TGF-β) signaling pathway (TGF-β/SMAD signaling pathway), which promotes cell proliferation. SMAD is associated with carcinogenesis, cancer proliferation, and invasion. Several studies have reported that 5-FU inhibited this pathway and that cell proliferation was inhibited by 5-FU in TGF-β negative cases [35, 36] . The RB/E2F pathway is critical for regulating the initiation of DNA replication. It is known that the control of this pathway is disrupted in virtually all human cancers. A previous study reported that inhibition of the RB/E2F pathway suppressed tumor growth and increased the effect of gemcitabine in pancreatic cancer [37] . On the other hand, several reports have indicated that inhibition of the RB/E2F pathway decreased the effect of CDDP in lung cancer and breast cancer [38, 39] and decreased the effect of paclitaxel in lung cancer [40] . STAT is a TCF activated by JAK in the JAK/STAT pathway. Activation of this pathway is associated with T-cell activation and tumor immunity. It has been reported that inactivation of the JAK/STAT pathway inhibited tumor proliferation in esophageal cancer [41] . However, it has been reported that activation of the JAK/STAT pathway increased CDDP sensitivity in head and neck squamous cell carcinoma [42] . On investigating the molecular associations of these pathways, we found that CDK4, HDAC, RUNX1, and VDR were associated with SMAD through the TGF-β/SMAD signaling pathway. Additionally, CDK4, E2F, TSase, and HDAC were associated with the RB/ E2F pathway. Moreover, Src and IRF-1 were associated with the JAK/STAT pathway. These pathways were mainly associated with chemosensitivity with regard to pCR in our study. Several reports revealed the survival benefit in pCR cases after neoadjuvant therapy for esophageal cancer and suggested the necessity of a useful predictor of pCR [10, 11] . Furthermore, studies have reported some examination methods and biomarkers to predict pCR after neoadjuvant therapy for esophageal cancer, although no predictors of pCR have been developed for clinical application in esophageal cancer [43] [44] [45] . A previous study found no significant differences in the oncological outcomes of clinical complete response (cCR) cases between a no treatment group and a radical surgery group after neoadjuvant chemoradiotherapy or radiotherapy for advanced esophageal cancer [46] , and the data suggested a "watch and wait" policy for cases with cCR in order to avoid the morbidity associated with radical surgery. We expect that our identified 17-molecule set will contribute to the prediction of pCR and will help with the "watch and wait" policy in cases of esophageal cancer. We intend to further evaluate the feasibility of the predictive value of our identified predictor set.
The present study has several limitations. First, conception of heterogeneity among cancer tissues should be considered. Therefore, we ensured that biopsy specimens were uniformly collected from an elevated part at the proximal side of the tumor. Second, the expressions of candidate molecules were not confirmed using PCR, western blotting, and immunostaining. Therefore, we intend to perform further research on these molecules. Third, the present study has a small sample size and is retrospective in design, including the validation cohort. The validation method only compared the trends of molecular expression between pCR and non-pCR cases, and did not evaluate the predictive values of the candidate molecules. Next, we intend to collect more samples and evaluate the predictive values. The biological functions should also be investigated. Fourth, the present retrospective data were likely influenced by selection bias, which did not merely include difficult lesions for resection, such as large tumors. Hence, the present observations require confirmation in prospective studies.
In conclusion, a 17-molecule set that can predict pCR after NAC-DCF for locally advanced esophageal cancer was identified using pretreatment biopsy samples. We intend to perform further research on these molecules and their pathways, and conduct a prospective study to evaluate the feasibility of the predictive value of this molecule set. 
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